INTRODUCTION
WD40 repeat superfamily of proteins are characterized by the presence of repetitive 44-60 minimally conserved amino acid residues containing a glycine-histidine (GH) pair at 11-24 position from its Nterminus and a tryptophan-aspartic acid (WD) pair at the C-terminus (1-2). WD-40 is one of the most abundant protein domains in eukaryotes. A conservative estimation suggests that in there are 349 genes encoding WD-40 domains in human (3) (4) . Structural analyses suggest that WD-40 repeat domains form a propeller-like conformation that provides a scaffolding platform for protein-protein interactions (4) . Members of this family participate in biological functions as diverse as ubiquitin-mediated protein turnover (5) , chromatin organization (6), cell signaling (7), vesicular trafficking (8) , cytoskeletal assembly (9) , and cell cycle regulation (10) . Considering such diverse functions, it is likely that members of this superfamily have originated at different time points in evolution (4, 11) .
Striatin, SG2NA, and zinedin constitute a threemember subfamily of WD-40 repeat proteins, characterized by the presence of a caveolin-binding motif, a coiled-coil structure, and a calmodulin-binding domain arranged in the same order from the N-terminus to the C-terminus (12) . Striatin is the prototype member of the family, first characterized as a calmodulin-binding protein from rat brain synaptosome and in abundance in the striatumhence named striatin (13) . SG2NA (also called striatin-3) was initially identified as a nuclear auto-antigen whose expression is augmented during S to G2 phase of the cell cycle (14) . Zinedin, the third member of the family was reported later, and the structural relatedness among three was established (15) . All three members of the family have caveolin-binding activities and are considered to be functionally related (12, (15) (16) . Striatin and SG2NA also interact with protein phosphatase 2A (PP2A), attributing them to vesicular trafficking (17) . Several other interacting partners of striatin exist, which suggest a wider network in which respective members of the family have both overlapping and distinctive interactomes (18) (19) (20) .
Members of the striatin family are conserved in metazoan evolution and are absent in plants and prokaryotes (12) . We have demonstrated that mouse and chick SG2NAs have multiple variants arising from alternative splicing (21) and SG2NA is regulated by epigenetic modifications mediated by Brg-1 (22) . Some of those variants are devoid of the WD-40 repeats, and their expression profiles vary in different tissues and cell lines [(21) and unpublished results)].
Higher metazoans such as human and mouse have three orthologs: striatin, sg2na and zinedin; Drosophila melanogaster and Caenorhabditis elegans have only one homolog each: cka and cash-1, respectively (23) . Since metazoan evolution involves more complex interactions between various protein domains, we argue that the four signature domains of the striatin subfamily of WD-40 proteins might be a treasured paradigm of understanding the evolution of signal scaffolds. We have thus undertaken a phylogenetic and sequence conservation study analyzing the functional relatedness among the members of the family. We performed BLASTP analysis of databases available at NCBI and retrieved the homologous protein sequences of various organisms. Gblock analysis is in use for a long time to identify the novel conserved motifs in protein family (24) (25) . These conserved motifs, in turn, can be used to identify proteins from newly sequenced genomes (24) . We used similar approach to identify conserved motifs by using Gblock analysis. Then, ScanProsite analysis was used for their annotation. MAFFT was used for phylogenetic analysis. Results were then analyzed to identify the origin and evolution of the striatin family. Our results suggest that during speciation, a common ancestral gene in lower eukaryotes further diversified into three orthologs of the striatin family, of which sg2na is the most ancient.
RESULTS

Striatin-like proteins are conserved in eukaryotes
Members of the striatin family have been reported in organisms ranging from fungi to human, but they are absent in plants and prokaryotes (12) . They are expressed in abundance in the central nervous system (CNS) and are thought to be involved in CNS development (12, 26) . Considering this, we analyzed the conservation of striatin family members among a range of species, starting from those with a diffused nervous system to those with a well-developed CNS (Tables 1-3). BLASTP analysis using human striatin, SG2NA, and zinedin enabled us to retrieve their counterparts in both metazoan and nonmetazoan organisms. Further analysis revealed that while striatin and SG2NA are present in almost all metazoans, it is not true for zinedin. Although zinedin has been identified in many mammalian species, it has no homolog identified in the platypus (Ornithorhynchus anatinus), the earliest mammal to evolve, which has both striatin and SG2NA homologs but not zinedin homologs. Similarly, among aves, chicken (Gallus gallus domesticus) has striatin and SG2NA but is devoid of zinedin (see Table 1 ). In addition unnamed protein sequences homologous at C-terminus hzinedin were identified in zebra finch (Taeniopygia guttata). Striatin-like proteins were also predicted in fishes, such as zebrafish (Danio rerio) and Tilapia (Oreochromis niloticus), and partially homologous sequences were also identified as unnamed proteins in pufferfish (Tetraodon nigroviridis), suggesting the possibility that, similar to SG2NA and striatin, zinedin homologs might be widely distributed among the metazoan, but are yet to be identified. Lower metazoan such as D. melanogaster has only one homolog, that is, CKA. Similarly, H. magnipapillata (hydra), which has diffuse nervous system, possesses only one homolog of the family.
BLASTP analysis also identified a single homolog in Schizosaccharomyces pombe but not in Saccharomyces cerevisiae (a complete list of organisms from lower eukaryotes is given in Table 2 ). While certain species of fungi, such as Aspergillus niger, have a striatinlike protein, it is absent in others. A striatin-like protein was also found in Dictyostelium discoideum. As expected, no specific hits were found in rice and Arabidopsis genome databases, although there were a substantial number of WD-40 repeat sequences. Bacterial and archeal genome databases also did not harbor any striatin family member, although partially conserved WD-40 repeats were found. For example, in Thermomonospora curvata, a WD-40 repeat-containing metallophosphoesterase was identified with an e value of 4e -27 . A complete list of prokaryotes analyzed in this report is given in Table 3 .
Striatin, SG2NA, and zinedin form separate phylogenetic clusters
Phylogenetic analysis showed that striatin, SG2NA, and zinedin form three separate clusters ( Figure  1 ). To further analyze the phylogenetic relationship between metazoan and nonmetazoan homologs, unrooted and rooted phylogenetic trees were created by aligning the N-terminal regions of striatin-like proteins. It was found that striatin family members in higher eukaryotes clustered away from those in lower eukaryotes (Figure 2) . Furthermore, the higher eukaryotic homologs of only the N-terminal region of striatin also formed three subclusters composed of striatin, SG2NA, and zinedin, respectively. Figure 1 . Phylogenetic analysis of striatin, SG2NA, and zinedin from higher eukaryotes. The protein sequences were aligned by using MAFFT program; and gap-removed alignment was used for phylogenetic analysis by Neighbour Joining method. The phylogenetic tree shows three members of the family form three different clusters. The variants of each member are marked by a numerical at the end.
Striatin-like proteins in lower metazoans such as D. melanogaster (CKA) and H. magnipapillata were closer to their counterparts in higher eukaryotes, whereas the one in S. pombe was closer to those present in nonmetazoan eukaryotes. A similar phylogenetic tree was also generated by aligning the homologs of the C-terminal WD-40 repeat Figure 2 . Unrooted phylogenetic tree generated with the N-terminal region (striatin domain) of striatin family of proteins from eukaryotes. The sequences were aligned by MAFFT program; gap-removed alignment was used for generating the phylogenetic tree. Two clusters of yet-unknown identity were seen in lower organisms. In higher organisms, three clusters representing striatin, SG2NA, and zinedin were seen. Striatin homologs from Schizosaccharomyces pombe (SpoWDR), Dycteostelium discoideum (DdiStrn), Drosophila melanogaster (DmeCKA), and Hydra magnipapillata (HmaStrnDom) are situated in the linking region between lower to higher eukaryotes. sequence of striatin. The higher eukaryotic homologs of the C-terminal also formed three distinct subclusters composed of striatin, SG2NA, and zinedin ( Figure 3 ). In this phylogenic tree, Drosophila striatin (CKA) and its homolog in hydra clustered with striatin in higher eukaryotes, whereas their counterpart in S. pombe was closer to those in lower eukaryotes.
Striatin families are characterized by a number of conserved motifs
Striatin family has four distinct domains from the Nterminus to the C-terminus, viz., caveolin-binding domain, coiled-coil domain, calmodulin-binding domain (CaM), and WD-40 repeat domain (12, 15) . Alignment of metazoan striatin, SG2NA, and zinedin sequences by using MAFFT and subsequent gap removal showed 11 conserved motifs (eCM I-XI; Figure 4 ; Table 4) . Those motifs were then confirmed using Gblock analysis. Of 11 motifs thus identified, eCM I-III were located in the N-terminus, whereas eCM V-XI were designated at the C-terminus of striatin family members. ScanProsite analysis retrieved specific hits for all conserved motifs, except for eCM IV, which had ≥1000 hit, reflecting its nonspecificity.
Members of the striatin family have their characteristic motifs
We further examined each members of the striatin family to identify their individual characteristic motifs, if any. Thirteen motifs labeled sCM I-XIII were found to be conserved among the striatin proteins ( Figure 5 upper panel, Table 5 ), of which sCM I and sCM IV were unique to striatin and absent in both SG2NA and zinedin. These two motifs, present in the N-terminus region of the striatin protein, correspond to the regions flanking eCM II of striatin family members. ScanProsite analysis also revealed sCM VII as another striatin-specific motif. In spite of a large part of the motif being conserved among all the striatin family members, unique amino acid residues at the N-terminus region of sCM VII makes it specific to striatin family members. Among the rest of the conserved motifs in striatin, sCM I and sCM IX were also part of eCM I and eCM XI, respectively. The motif sCM VIII, which encompasses the WD-40 repeats, was large and was therefore subdivided into sCM VIIIa-c, of which sCM
) was also present in SG2NA and zinedin; thus, it appears to be conserved among the family members . Unrooted phylogenetic tree generated with C-terminal region (WD-40 domain) of striatin family of proteins from eukaryotes. The sequences were aligned by MAFFT program; gap-removed alignment was used for generating the phylogenetic tree. Lower eukaryotes formed a single cluster, whereas higher eukaryotes formed three clusters. Homologs from Schizosaccharomyces pombe (SpoWDR) and Dycteostelium discoideum (DdiStrn) are situated at the linking position of lower and higher eukaryotes. Striatin homolog from Drosophila melanogaster CKA (DmeCKA) and Hydra magnipapillata (HmaStrnDom) are situated in the SG2NA cluster.
Using similar methodology based on homology to delineate conserved motif patterns in metazoan SG2NA homologs revealed at least 10 conserved motifs ( Figure 5 middle panel, Table 6 ). sgCM II was identified as unique motif of SG2NA and corresponded to the region just upstream to that of eCM I. The unique amino acid residues at its C-terminus end made it specific to SG2NA. As in the case of striatin, the conserved motif sgCM VIII encompassing WD-40 repeats was subdivided into four smaller motifs, viz., sgCM VIIIa-d. Of these, sgCM VIIId was found to be specific to SG2NA. ScanProsite analysis of this motif revealed its matches in nonmetazoan (Nostoc species) and bacterial species (data not shown). The conserved motif sgCM IX encompasses eCM XI, while the conserved motif sgCM X is downstream to eCM XI. Although sgCM X is well conserved in other striatin family members, it is not reflected as metazoan-conserved motifs, as this region is absent in certain organisms such as Callithrix jacchus (in zinedin) and T. nigroviridis (in unnamed protein), resulting in gaps. This was thus deleted in the final analysis.
Similarly, sequence conservation analysis of metazoan zinedin homologs revealed at least nine conserved motifs ( Figure 5 lower panel, Table 7 ), of which zCM VII and zCM IX were large and were thus subdivided into smaller motifs. In addition, zCM VII was shown to encompass the WD-40 repeat region. zCM II and zCM VI, consisting of 25 and 37 amino acid residues, respectively, retrieved hits to specific zinedin family members in ScanProsite analysis, thus rendering them unique to zinedin. zCM II corresponded to the region upstream to eCM II whereas zCM VI corresponded to that of eCM IV. Although the core region of zCM VI is homologous to other striatin family members, its specificity can be attributed to the flanking amino acid sequence unique to zinedin only.
In the past decades, researchers showed that multidomain structure of striatin family members is well defined. Determining the amino acid sequence of each of these domains has also been well established (15) . Therefore, we conducted positional distribution analysis to determine whether the conserved motifs identified so far in our analysis represent any of these signature domains among striatin family members. Our results showed that both coiled-coil and CAM domains were well conserved among SG2NA counterparts throughout metazoans, represented by sgCM I and sgCM III. Although caveolin-binding and coiled-coil domains are well represented in almost all striatin family members, these domains were missing in few striatin and zinedin homologs among metazoans (e.g., striatin in Pongo abelii and zinedin in Oryctolagus cuniculus). This finding suggests that CaM domain-represented by eCM I (sgCM III in SG2NA)-is the most conserved domain of the three N-terminus domains among metazoan striatin family members. Among metazoan striatin counterparts, calmodulin-binding domain is represented by sCM I, whereas in zinedin, it is represented by zCM I. In both calmodulin-binding and WD-40 repeat domains, striatin and zinedin have four conserved motifs each (i.e., sCM II-V and zCM II-V, respectively), whereas SG2NA isoforms have between two to four conserved motifs, suggesting variation because of alternative splicing of exons 8 and 9. Although it is not highlighted in the Gblock analysis (due to gaps because of splicing in SG2NA), the amino acid sequence encoded by exon 8 in SG2NA is highly identical to that in striatin and is completely absent in zinedin. This is clearly observed in homology match between full-length SG2NA and striatin protein sequences. Although no splicing has been reported in zinedin at exon 8, it is shown to encode for the zinedin-specific amino acid sequence, that is, zCM VI, with least homology to that encoded by the same exon in SG2NA and striatin.
Striatin homologs in lower eukaryotes also contain conserved motifs
In recent years, in silico and motif-deletion studies in Fusarium verticillioides FSR1 (27) (28) and A. nidulans StrA (29) , the non-metazoans striatin like proteins, reveal that they retain all the four domains similar to that in metazoan striatin counterparts. Functional complementation analyses, using various truncated versions, also demonstrated the role of StrA in sexual development in A. nidulans and of coiled-coil domain of FSR1 in various protein-protein interactions in mediating F. verticillioides virulence. By using available amino acid sequence alignment tools, we sought to identify the motif pattern among lower eukaryotic striatin homologs and their conservation in higher eukaryotic counterparts. In this aspect, striatin homologs from nonmetazoans were retrieved from NCBI database by using striatin of lower eukaryotes such as Drosophila and hydra as query. MAFFT alignment and Gblock analyses of the sequences thus obtained led to the identification of 13 conserved motifs ( Figure 6 ; Table 8 ). As leCM I and XII were longer than 200 residues, they were subdivided into two submotifs each; neither showed any significant sequence homology with the motifs conserved in their metazoan counterparts. ScanProsite showed that leCM I and IV are present in both metazoan and nonmetazoan homologs of striatin, where leCM I encompassed all the three N-terminus domains, that is, caveolin-binding, coiled-coil, and CAM domain. leCM II and VIII were considered nonspecific as they were present in many unrelated proteins in the database. leCM VII was found in SG2NA as well as other WD-40 repeatcontaining proteins. The remaining motifs were unique to striatin homologs in nonmetazoan organisms.
Striatin family members have evolved from prokaryotes
Comparison of the human striatin sequence with the bacterial and archaeal proteomes showed that the homology was restricted to the C-terminal domains of the bacterial and archaeal proteins. Eleven best-matched sequences from bacteria and 6 best-matched sequences from archaeal proteomes were taken for further analysis (Table 3) . These sequences were aligned using MAFFT, and gaps were removed. It was observed that these sequences were conserved only in their C-terminal domain. Within the C-terminal domain, four conserved motifs were identified (Table 9 ) and named pCM I-IV. Analysis of pCM I using ScanProsite led to the identification of metazoan SG2NA, but not striatin and zinedin. pCM II matched with more than 10,000 hits and was thus considered nonspecific. Analysis of pCM III and IV identified WD-repeat-containing proteins, but none 
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absence of the conserved motifs by using ScanProsite. It was found that the sgCM VIIId was present in two prokaryotes-Nostoc and Mycobacterium marinum (data not shown). None of the conserved motifs present in striatin or zinedin identified any prokaryotic organisms by ScanProsite analysis (data not shown). Similarly, pCM I was present not only in S. pombe but also in metazoan SG2NA (data not shown). The identification of conserved motifs of lower eukaryotes (leCM VII) and that of prokaryotes (pCM I), in SG2NA and vice versa shows that among the three striatin family members SG2NA is the most conserved protein in both eukaryotes and prokaryotes.
DISCUSSION
In the post genomic era, rapid development of bioinformatic tools has accelerated our ability to predict structure-function relationship of proteins from annotated sequences. Comparative functional analysis through sequence alignment is easier in case of proteins with similar sequences. However, studying those with lesser sequence similarities (~25% identity) but analogous functions leads in to "twilight zone," requiring more sophisticated tools (30) . Since WD-40 repeat proteins are highly pervasive in occurrence and versatile in functions, studying their evolution is an opportunity as well as a challenge. Many WD-40 proteins have lower frequency of sequence conservation and are thus difficult to detect in the genome (3, 5) . On the other hand, since in the course of evolution they have progressively acquired various other domains conferring functions as diverse as ubiquitylation and protein degradation, vesicle coating, phospholipids binding, and so forth, they also provide an opportunity to probe the evolutionary road map in general and that of metazoans in particular. We thus embarked upon the evolutionary analysis of the striatin subfamily of WD-40 repeat proteins.
Although the three members of the family have been identified for quite some time now, little is known about their roles in metazoan biology. They are primarily membrane associated and presumably function as membrane scaffold (12) . In addition, due to the existence of multiple splice variants, they are anticipated to have diverse interacting partners (21) . Thus, we argued that analyzing their evolutionary path might provide an insight into their functions, especially in the context of the evolution of metazoan interactomes.
The patterns identified, based on homology, depict diversification of striatin family members into newer variants during evolution with certain motifs being well conserved. Striatin and SG2NA are widely present in almost all metazoans. Mammals have all three members, including zinedin, but platypus has only striatin and SG2NA. Similarly, organisms ranging from hydra to Drosophila have only one orthologue each. Collectively, it appears that striatin family members have adapted to the increasing evolutionary complexity by evolving newer family members. Also, in the phylogenic clusters, each of the three family members maintained distinctive identity and thus appears to be functionally discrete. As expected, all the variants of striatin, zinedin, and SG2NA clustered together, suggesting their functional relatedness.
Of the 11 conserved motifs identified in all three members of the family, R-Q-L-L-R (eCM I) is a variant of the canonical IQ motif (IQXXXRGXXXR), found in proteins with Ca ++ -independent calmodulin-binding activities. However, IQ motif has also been found in a novel nuclear protein IQD1 from Arabidopsis, which binds Calmodulin in a Ca ++ -dependent manner (31) . Noticeably, calmodulinbinding activity of both SG2NA and striatin are Ca ++ dependent (15) , while upon serum stimulation, SG2NA transiently localizes to the nucleus (unpublished results; in contrary to the observation by Muro et al. [1995] , who showed that SG2NA is a resident nuclear protein). Since striatin family members are absent in plants, it would be interesting to see whether there are any other commonalities between SG2NA and IQD1. The significance of the other invariant motif V-W-G-L (eCM IX), found in all three members of the family, is not clear as yet. However, this motif and six others (eCM V-XI) in the WD-40 repeat domain suggest their roles in specifying the β-propeller structures. During evolution, WD-40 domains have diversified by gene duplication and recombination, thereby providing interactive platforms for multiple proteins. It is likely that these motifs define the functional relatedness as well as specificities of the WD-40 domains of the striatin subfamily (3) (4) . Noticeably, caveolin-binding and coiled-coil domains were found in striatin and zinedin homologs of almost all metazoans Figure 6 . Motif conservation in striatin family members in lower eukaryotes. Sequences of striatin family of proteins from lower eukaryotes were aligned by MAFFT program, and gaps were removed. Thirteen conserved motifs were identified. CM I and XII were divided into two submotifs for further analysis. Among two homologs in hydra, HmaStrn-I does not have CM I-IV and CM XI, whereas HmaStrn-II does not have CM III-XIII. Although striatin-like proteins were identified in both nonmetazoans and prokaryotes, further analysis showed that the homology was restricted to the WD-40 domains. The conserved motifs identified in the metazoan proteins were completely absent in their prokaryotic and nonmetazoan counterparts. Taken together, striatin family members appear to have evolved from their prokaryotic counterparts by acquiring domains exclusive for metazoans. Such derivation is further substantiated by the observation that conserved motifs such as those present in the nonmetazoan and prokaryotic WD-40 counterparts were identifiable in SG2NA but not in striatin and zinedin in ScanProsite search. WD-40 domain-containing proteins are widely present in eukaryote and prokaryotes. Although the function assigned for this domain is same across, its evolution when considered in particular may be altogether a different study. However, the conserved motif analysis of prokaryotic striatin homologs, at the C-terminus region, reveals SG2NA acquiring a prototype of bacterial WD-40 domain. The conserved motif sgCM VIIId encompassing the WD repeat domain of SG2NA was also identified in two prokaryotic hits in ScanProsite analysis. With these results, it could be hypothesized that SG2NA might be the earliest among the striatin family to evolve; and at some point in evolution, there were perhaps lateral transfers of sequences between SG2NA and prokaryotic WD repeat proteins
METHODS
Sequence analysis of striatin, SG2NA, and zinedin
Amino acid sequences of human and mouse striatin, SG2NA, zinedin, and their potential variants were retrieved from Ensemble and NCBI databases. To identify homologues of striatin in higher eukaryotes, the full-length human striatin sequence was used as a query and BLASTP analysis was performed against NCBI database of nonredundant protein (nr) sequences. Sequences with more than 40% homology were selected and further validated by using as a query sequence in BLASTP analysis against the NCBI database of human nr sequences. Sequences homologous to SG2NA and zinedin in higher eukaryotes were also identified by the same method. To identify homologs of striatin, SG2NA, and zinedin in lower
